Objective: To (1) mechanically evaluate polymethylmethacrylate (PMMA) columns of various sizes and compare them to connecting bar materials (carbon fiber composite, titanium, stainless steel) and (2) compare the properties of an intact PMMA column to those of an acrylic interface. Study Design: Experimental mechanical study. Sample Population: Experiment 1: 6 groups of 6 specimens each; experiment 2: 2 groups of 12 specimens each.
Acrylic external fixators are composed of fixator pins joined by polymethylmethacrylate (PMMA) filled columns instead of connecting bars. The columns are made by either hand molding or filling plastic tubes of various diameters with the viscous mixture, which hardens during exothermic polymerization of methylmethacrylate monomers.
1 PMMA has several advantages over the standard clamp/connecting bar combination: it is inexpensive and radiolucent, and acrylic external fixators allow more freedom for pin placement as the connecting bar can be contoured. This can facilitate open wound management, reduce pin tract morbidity, and enhance limb function as musculotendinous structures can be avoided. 2 Contouring of the PMMA columns can also facilitate transarticular fixation. The effect of column contouring has been evaluated. Contoured PMMA columns maintained a high stiffness and ultimate strength. 2, 3 The weak link of type IA and type IB external fixator configurations in bending is reportedly the connecting bar. 4 To improve biomechanical results, stiffer connecting bars composed of carbon fiber composite (carbon fiber) and titanium have been used instead of stainless-steel connecting bars. More rigid constructs can then be created with simpler frame configurations and can be used in larger animal patients. 4, 5 The use of simpler configurations may decrease pin morbidity and allow for a more biologic approach to fracture repair. 4, 5 External fixator constructs using 1.91 cm diameter PMMA columns compared favorably with constructs using 4.8 mm stainless-steel bars 6 ; however, PMMA has not been compared with connecting bars made of titanium or carbon fiber. Our 1st objective was to evaluate the bending properties of PMMA columns and compare them to the newer materials. Our 1st hypothesis was that PMMA columns of various diameters will have similar bending properties as stainless steel, titanium, or carbon fiber connecting bars.
In some clinical cases where PMMA columns are used, it may be required to cut the column to adjust fracture reduction or to palpate the fracture site before staged disassembly. In other cases, the clinician may need to add more pins and connect them to the original PMMA column. In each situation, it will be necessary to create a ''patch'' to connect the columns of PMMA, thus creating an acrylic interface. Thus our 2nd objective was to evaluate the biomechanical properties of the acrylic interface and our 2nd hypothesis was that an acrylic interface column would have lower bending properties than a similar diameter PMMA column.
MATERIALS AND METHODS

Experiment 1
Six groups of 6 specimens each were made (Table 1) . Group 1 specimens were made by vertically filling commercially available corrugated tubing with PMMA as described below. Group 2 specimens were made using a 60 mL syringe (Monoject, Tyco Healthcare Group LP, Mansfield, MA) filled with PMMA. Group 3 specimens were made using a 60 mL syringe case filled with PMMA. Groups 4, 5, and 6 consisted, respectively, of commercially available 6.3 mm titanium, 4.8 mm stainless steel, and 9.5 mm carbon fiber connecting bars (Imex Veterinary Inc., Longview, TX; Table 1 ).
For all PMMA specimens a mold composed of a syringe, syringe case, or corrugated tubing (Innovative animal products, Rochester, MN) was vertically oriented and secured. A plug of modeling clay was used at the distal end of the mold to prevent PMMA leakage. Premeasured bipacks of a specially designed PMMA (APEF, Innovative Animal Products) of 50, 100, or 150 mL were used. The liquid and the powder were mixed and gently massaged within the sealed bipack for 2 minutes. The mix was then poured into vertically oriented molds. The acrylic was allowed to cure under a ventilated hood for at least 15 minutes before further manipulation. A single pack of PMMA was used to create 1-2 specimens. However, more than 1 pack was never used for a single specimen. Specimen diameters were measured using a digital caliper (IP 66 Mitutoyo Corp., Kawasaki, Japan) at the level of the bending pusher in the plane of bending and are reported as mean (AE SD). Diameter of the corrugated specimens was measured in a similar manner without trying to avoid the corrugations.
Experiment 2
Two groups of 12 specimens each were made: the ''interface'' specimens were created by filling a vertically oriented 60 mL syringe half way with a pack of PMMA. After the initial pour had completely set (at least 1 hour), the other half of the 60 mL syringe was filled with a new pack of PMMA. The ''intact'' specimens were made using a 60 mL syringe filled with PMMA as in experiment 1.
All PMMA specimens were extracted from their mold before testing. A servo-hydraulic load frame with a 10 kN load cell was used for 3-point bending tests (MTS 809 Axial/Torsional Test system, Eden Prairie, MN). The distance between the cylindrical end-supports was 10 cm and the cylindrical actuator was in the middle of the end-supports (Fig 1) . When the ''interface'' specimens were tested, the central actuator was placed directly over the interface. All specimens were loaded at a 5 mm/min displacement rate to failure. All testing for the experiment 1 was performed on a single day after calibration of the testing machine. This in- cluded testing of PMMA 1, PMMA 2, PMMA 3, titanium, carbon fiber, and stainless-steel specimens. For experiment 2, half of the ''interface'' and half of the ''intact'' specimens were initially tested. The other half of ''interface'' and ''intact'' specimens were tested 60 days later with identical calibration values. While under bending, the load deformation curve including the yield point, the ultimate strength, and the stiffness of all specimens were recorded. Stiffness was defined as the slope of the elastic portion of the force/displacement curve. For all materials, the slope of the linear portion of the load/displacement curve was determined using linear regression analysis (method of least squares). For materials that had catastrophic failure (PMMA, carbon fiber), the slope of the linear region was determined using the entire curve. For materials that had yielding behavior, a dramatic change in slope was easily visible in the load/displacement chart. This slope change was determined to be the yield point defined as the force at which permanent deformation occurs. For these yielding materials, the slope of the curve was calculated using the obviously linear portion of the curve (the first 3/4 of the apparently linear region). Ultimate strength was defined as the force that caused failure of the material or as the force versus time curve became essentially flat.
For the PMMA columns, the apparent bending modulus was calculated 7 using the equation:
where E is the apparent bending modulus (Pa), Ka the stiffness of the linear portion of the load/deformation curve (N/m), L the distance between supports, and I the moment of inertia (m 4 ). To calculate I, we assumed that the PMMA columns were perfect cylinders and used the equation: I = pr 4 /4 with p estimated at 3.14159 and r the radius of the PMMA column.
The expected stiffness Ka E is the bending stiffness should the bending modulus be constant. The mean modulus E m of PMMA 1 columns was used for this calculation with the following formula (Fig 4) :
The density of PMMA columns was measured after testing, using the mass of the column and its volume (measured by water displacement). The ratio of mass divided by volume was the density in g/mL.
A Wilcoxon test was used to compare PMMA column diameter and density, ultimate strength, yield point, and stiffness. A P value o .05 was considered significant. For all regression analyses, the correlation coefficient (R 2 ) and P value were obtained. Statistical software (JMP software, 1989-2003 SAS institute Inc., Cary, NC) was used for analysis and power calculations.
RESULTS
Experiment 1
Diameters and Densities (Table 1) ultimate strength (P o .001, R 2 = 0.63) and increased stiffness (P o .001, R 2 = 0.62). There was no difference in density between PMMA groups 1, 2, and 3. There was no correlation between density of PMMA specimens and their ultimate strength (P = .3, R 2 = 0.06). There was no correlation between bending modulus of PMMA specimens and density (P = .33, R 2 = 0.1); however, there was a positive correlation between increased density and increased stiffness (P o .0001 and R 2 = 0.76).
Ultimate Strength, Yield Force, Bending Modulus, and Stiffness (Fig 2) . For all PMMA tested, plastic deformation did not occur and all specimens broke at the yield point (Fig 2) . Although this could not be evaluated statistically, PMMA 3 columns had a higher standard deviation of ultimate strength and stiffness compared with other PMMA columns tested (Fig 2) .
PMMA 1 and PMMA 2. There was a trend for PMMA 2 to be stronger than PMMA 1 (P = .07; power = 0.51) but there was no difference in stiffness between groups (P = .26; power = 0.51).
PMMA 3 and PMMA 2. PMMA 3 columns were stronger (P = .02) and stiffer (P = .004) than PMMA 2 columns.
PMMA 3 and PMMA 1. PMMA 3 columns were stronger (P = .01) and stiffer (P = .01) than PMMA 1 columns.
PMMA 3 and Carbon Fiber. No difference in yield force was seen (P = .26; power = 0.56). Carbon fiber was significantly stiffer than PMMA 3 (P o .0001).
PMMA 1 and Titanium. PMMA 1 columns had a higher yield force (P = .039) and were stiffer (P = .0021) than the titanium bars tested.
PMMA 1 and Stainless Steel. PMMA 1 columns had a higher yield force (P o .039) and were stiffer (P = .0003) than the stainless-steel bars tested.
Apparent Bending Modulus of PMMA Columns. PMMA 1 had a higher modulus than PMMA 2 (P = .01) and PMMA 3 (P = .004). PMMA 2 had a higher modulus than PMMA 3 (P = .01). Column diameter had a nonlinear correlation with the modulus. This relation was approximated using a reciprocal transformation (P o .0001 and R 2 = 0.79; Fig 3) .
Stiffness and Expected Stiffness. When PMMA column diameter increases, both the stiffness and the expected stiffness increase. However, because of the decrease in bending modulus when column diameter increases, the stiffness increases less than the expected stiffness (Fig 4) .
Experiment 2
Diameters and Densities. There was no difference in density (P = .27 and power = 0.46) or in diameter (P = .06 power = 0.57) between intact and interface specimens.
Ultimate Strength (Fig 5) . The ultimate strength of the intact columns (3618 AE 419 N) was significantly higher than the ultimate strength of the interface group (2725 AE 549 N) with P = .0004. The mean strength of the intact specimens was $25% higher than the mean strength of the interface.
Stiffness. There was no difference in stiffness between the intact group (1138 AE 126 N/mm) and the interface group (1114 AE 71.8 N/mm) with P = .3 and power = 0.37.
Intact Specimens (Experiment 2) and PMMA 2 Specimens (Experiment 1)
Specimens PMMA 2 of experiment 1 and specimens ''intact'' of experiment 2 were made using the same mold (60 mL syringe) but at a different time. The PMMA packs used came from different boxes. The density of the specimens of group PMMA 2 was lower than the density of the specimens from the ''intact'' group (P = .005). The diameter of the column was larger for the ''intact'' specimens compared with PMMA 2 (P = .03).
Ultimate Strength. Mean ultimate force was 3619 AE 419 N for the ''intact'' group versus 2265 AE 482 N for the PMMA 2 group. The difference between these 2 groups was significant (P = .001).
Stiffness. Mean stiffness was 1138 AE 127 N/mm for the ''intact'' group versus 631 AE 74 N/mm for the PMMA 2 group. The difference between these 2 groups was significant (P = .008).
DISCUSSION
Previous studies have compared the effect of various connecting bars, while testing ESF constructs in bending, torsion, and axial compression. 4 In our study, we elected to focus on type IA and IB configurations in which the connecting bar or column is the weak link of the construct. 4 In this configuration, the connecting bar or column is placed eccentrically. Therefore when the limb/ESF construct is axially loaded, axial compression results in a bending moment at the connecting bar or column.
The bending moment is a product of the bending force and the lever arm. In this study, 3-point bending of various bars and columns was performed. Ideally, 3-point bending should be performed on a straight specimen with a symmetrical cross section and a support length to diameter ratio 4 10. 8 In our study, the specimens were not perfect cylinders and the support length to diameter was o 10, which could have affected our results. We suspect that the use of a longer support would result in a longer lever arm and lower ultimate or yield loads. Furthermore, the support length to specimen diameter ratio of our testing set up resulted in a combination of shear and bending forces on the specimens rather than pure bending. Shear forces could have produced failure through air bubbles or other weak areas adjacent to the bending point. This phenomenon could have increased the variability of our results, especially for PMMA specimens.
Load/displacement curves were constructed and showed that yield point and ultimate strength for PMMA were identical indicating the brittle nature of this material. We also performed 3-point bending in experiment 2. Fourpoint bending would be a more appropriate way to evaluate the interface created in experiment 2 because it subjects the interface to pure bending forces and emulates how the column is loaded in vivo. However, to be able to compare results of both experiments, we chose to use 3-point bending in both experiments. In our study, the specimens were only tested to failure. Further studies, including fatigue testing of specimens and the use of complete bone/ ESF constructs are thus indicated to simulate a clinical situation.
Diameter of titanium, stainless-steel, and carbon fiber connecting bars measured in our study slightly differed from the dimensions given by the manufacturer. The reason for this difference is unclear but could be related to the lack of accurate calibration of our caliper or to manufacturing tolerances. We measured the diameter of PMMA 1 columns across corrugations. Those measurements were likely higher than the ''true'' diameter. Consequently, the true bending modulus of PMMA 1 columns as calculated in our study would in fact be higher than we indicated.
We waited a least an hour to allow curing of the PMMA before the creation of an interface. Testing was performed at least 24 hours after creation of all specimens. However, cure times were not identical for all specimens and specific times were not recorded. It is thus possible that variation of cure time could have affected our results.
PMMA 1 columns compared favorably to the titanium and stainless-steel bars tested. PMMA 3 columns (30.15 mm) and carbon fiber bars had similar yield strength but PMMA 3 columns were less stiff than carbon fiber bars tested. For PMMA columns, an increase in diameter correlated with a decrease in bending modulus in a nonlinear fashion. Consequently, as column diameter increases, the stiffness increases slower than would be expected with a constant modulus. The optimal stiffness of an external fixator construct is unknown and probably varies according to the fracture type, configuration, clinical situation, and type of desired healing. 9 The use of stiffer bars has allowed the use of simpler, less bulky frame configurations while maintaining adequate frame rigidity. 4 Consequently, carbon fiber bars may be advantageous over PMMA 3 columns when a rigid construct is appropriate.
As PMMA column diameter increased, increased variability and decreased bending modulus were found. The cause of those changes is unclear. Because the standard deviation of the density obtained with large columns is smaller than for smaller columns, the variation of density is unlikely to be the explanation. The bending modulus reflects the material stiffness of the specimen. In another study, 7 3-point bending testing of 5 mm PMMA beams resulted in mean bending modulus values of 2000 MPa, which is at least twice the mean modulus of PMMA 1 (23.25 mm) columns tested in our study. Decreased modulus reflects a decline in the material properties of PMMA as column diameter increases. A possible explanation for these changes is the change of porosity.
Porosity with PMMA has been extensively described in the dentistry literature. [10] [11] [12] [13] [14] [15] [16] Three types of porosity have been described. 16 Firstly, the lack of homogeneity, when mixing the component can introduce air bubbles. This phenomenon can be minimized with the use of high vacuum and centrifugation. 17, 18 However, this was not performed here because of the lack of availability in a clinical setting. Secondly, monomer contraction during polymerization can create pores. 16 Finally, gaseous porosity, in which boiling of the monomer (above 100.8 1 C at sea level 15 ) results in vaporization of the monomer and gas-trapping. 13 The temperature of PMMA during curing increases with increased volume of PMMA, decreased surface area for heat dissipation, decreased powder to liquid ratio and the concentrations and type of initiator and accelerator used. 15 In a veterinary study, 19 the temperature measured on the outside of a standard APEF tubing (PMMA 1) reached 96 1 C. Gaseous porosity increases with increased thickness of the PMMA block, 10 decreased pressure and increased temperature of the mixture during curing. 14, 20 Porosity has been associated with decreased mechanical properties of PMMA dentures. 13 Another study found no correlation between porosity and mechanical properties of PMMA 21 but only 9 mm diameter columns were evaluated.
In our study, although we did not evaluate curing temperature or porosity, it is likely that the temperature within PMMA 3 columns would exceed 100.8 1 C, resulting in monomer vaporization and porosity. Anecdotally, we observed large voids in larger columns but did not attempt to quantify the porosity of PMMA columns. We attempted to obtain a measure of porosity by measuring the density of PMMA columns. Density would be expected to inversely correlate with porosity. However, column density and bending modulus did not correlate. Therefore, either porosity is not the main explanation for the decrease in modulus of larger columns or density as calculated in our study is not an adequate method to measure porosity. Increased porosity remains a potential explanation for the increased variability and the decline in material properties of PMMA 3 columns. It has been suggested that controlled temperature and pressure conditions would minimize porosity for PMMA. 22 Potentially, this could be performed by cooling the PMMA column during curing. Alternatively, increasing the powder to liquid ratio or altering the concentrations of other chemical agents used may decrease the curing temperature and reduce porosity. 15, 23 However, the consequences of these interventions should first be evaluated as incomplete polymerization could result in decreased mechanical properties. 23 There may be a fine balance between too high of a temperature (boiling and porosity can occur with decreased mechanical properties) and too low of a temperature (incomplete polymerization and decreased mechanical properties). 24 Another concern with PMMA 2 or larger columns is the risk of thermal burn if excessive heat is generated. 19 A 10 mm distance between the acrylic bar and the soft tissue has been suggested. 19 This distance was determined for the standard (PMMA 1) APEF tubing but with PMMA 2 or larger columns the safe distance is unknown. Cooling of the pins with wet sponges has been advocated to prevent thermal injury to bone or soft tissues. 25 More studies are needed to evaluate the temperature at the pin/tissue interface when PMMA 2 or larger columns are used. Until those studies are performed, we do not recommend using PMMA 2 or larger columns. Alternatives to the use of PMMA 2 or with larger columns include the use of carbon fiber bars, tie-in IM pin or the use of type II configurations.
We chose to compare dimensions and mechanical properties of specimens created with a similar mold but at a different time and using a different batch of PMMA. The density and the diameter are different between the ''intact'' specimens and the PMMA 2 specimens used in experiment 2. We have noticed expansion of the PMMA longitudinally in the mold with up to 45% expansion in some cases. This phenomenon was extremely inconsistent and not repeatable despite our anecdotal attempts to reproduce it by cooling the APEF mix at 4 1 C overnight, storing the mix at room temperature for a 4 48 hours before using it or using it the day it was received in the mail. This phenomenon would be expected to result in a decrease in density of the specimen but this was not evaluated in our study.
Longitudinal expansion of the PMMA in the molds of different amplitude may explain the difference in density between both groups. Although undocumented here, circumferential expansion may also have occurred and could explain the difference in diameter. Regardless, we have found that specimens created from different batches at different times can cure differently. One should keep this in mind for further comparative experiments. Finally, the intact specimens were stiffer and stronger than the PMMA 2 specimens. PMMA column diameter correlated with stiffness and ultimate strength. There was a positive correlation between increased density and increased stiffness but not between density and ultimate strength. Therefore, this difference in stiffness between ''intact'' and PMMA 2 specimens may be related to the difference in diameter and density. The difference in ultimate strength is likely related to the difference in diameter only.
In experiment 2, we created a model of a ''patch'' or acrylic interface. In this model, we did not attempt to increase the contact area between the columns at the interface. We chose this model of PMMA patching because of its repeatability. However, patching is performed differently in a clinical setting and our results should thus be interpreted cautiously. The stiffness of the PMMA specimens did not seem to be affected by the creation of an interface. The lack of significant difference may also be related to the low power of this analysis. The intact specimens were significantly stronger than the interface specimens; however, the mean ultimate strength of the interface specimens was still quite high (mean of 2725 N or $295 kg). Clinically, further preparation at the interface to increase the surface area could be performed to increase the strength of bonding but this was not evaluated in our study. Further tests are needed to analyze a patch in a more clinically relevant loading model.
We concluded that PMMA 1 columns (23.25 mm mean diameter) compared favorably to titanium and stainlesssteel bars tested. PMMA 3 columns (30.15 mm) and carbon fiber bars had similar yield strength but PMMA 3 columns were less stiff than carbon fiber bars tested. PMMA 3 columns had lower material stiffness than PMMA 1 or PMMA 2 columns (25.64 mm mean diameter) and a higher variability in their mechanical properties and are not recommended at this time. Further increase in column diameter beyond the diameter of PMMA 3 columns would theoretically result in increased stiffness. However, the increase in stiffness would not be as high as expected because of a decline in PMMA material properties. A model of ''patching'' a cured PMMA column with additional liquid PMMA showed that an acrylic interface was easily created and had acceptable biomechanical characteristics.
